Although n-alkyl-substituted tetrahydrothiophenes are found in nonbiodegraded petroleums, they are not found in petroleums which have undergone biodegradation in their reservoirs. These observations suggested that this group of compounds with alkyl chain lengths from approximately Clo to at least C30 is biodegradable.
Sulfur is commonly the third most abundant element in petroleum. It is present in a variety of molecular structures, including thiols, normal and cyclic sulfides, thiophenes, benzothiophenes, and dibenzothiophenes (DBTs; 24). Typically, heavy oils and bitumens contain higher proportions of sulfur than conventional crude oils. In the former cases, sulfur is abundant in complex molecules of the asphaltene fraction.
The biodegradation of only a relatively few sulfur-containing compounds in petroleum has been studied. Ensley (5) has reviewed the metabolism of condensed thiophenes. Most research has involved DBT metabolism (16, 17, 19) because of its commercial availability and its prevalence in conventional crude oils. The degradation of alkyl-substituted benzothiophenes and DBTs in crude oils also has been demonstrated (1, 2, 10, 12) .
Novel terpenoid sulfoxides and sulfides have been identified in a number of nonbiodegraded and biodegraded petroleums (20, 21) . Recently, a series of n-alkyl-substituted tetrahydrothiophenes (THTs; thiolanes) and thiacyclohexanes (thianes) has been isolated and identified from nonbiodegraded petroleums (J. D. Payzant, unpublished data). The n-alkyl chains range in length from approximately C1O to at least C30. These n-alkyl-monocyclic sulfides are not found in petroleums which have been subjected to biodegradation in their reservoirs. These observations suggest that this group of compounds is biodegradable. The metabolism of similar compounds, such as n-alkyl benzenes (C8 to C12), by some fungi has been demonstrated (13) .
This paper presents the results of studies on the biodegradation of two n-alkyl-monocyclic sulfides, 2-n-dodecyltetrahydrothiophene (DTHT) and 2-n-undecyltetrahydrothiophene (UTHT). Bacterial and fungal isolates were tested for their ability to metabolize these substrates, and some metabolic intermediates were identified. The abilities of two bacterial strains to degrade a mixture of n-alkyl-monocyclic sulfides isolated from a crude oil were confirmed. * Corresponding author.
MATERIALS AND METHODS
Bacterial cultures. Three petroleum-degrading mixed populations were maintained in shake flask cultures for several years by monthly transfers to fresh mineral medium (12) and 0.1% Prudhoe Bay crude oil. The original inoculum for one of the cultures was aviation fuel-contaminated beach material from Shell Lake, Northwest Territories, Canada. The inocula for the other two enrichments were from wastewater treatment systems in petroleum refineries in the Federal Republic of Germany (FRG).
All cultures were incubated at 28°C. DTHT-degrading organisms were enriched by inoculating 20 ml of each of these cultures into flasks containing 200 ml of fresh mineral medium with 0.2 ml of DTHT as the sole carbon and energy source. The flasks were incubated with shaking and transferred to fresh medium every 2 weeks. Subsequent substrate analyses showed that only 0.1 ml of DTHT was used during the 2-week incubation period. After 6 months of transfers, serial dilutions were made and aliquots were plated onto plate count agar (Difco Laboratories) to obtain isolated colonies. After 14 days of incubation, those isolates with different colonial morphologies were picked and streaked onto fresh plate count agar plates to ensure purity. After these pure cultures had grown, cells were washed off the surface with sterile phosphate buffer, and this suspension was used as the inoculum to screen for the ability to degrade DTHT in 20 ml of mineral medium containing 10 ,lI of DTHT. After 2 weeks of incubation, residual DTHT was extracted from these cultures in 5 ml of CH2Cl2 and assayed with DBT as an internal standard.
Five DTHT-degrading bacterial isolates were chosen for further pure-culture studies. Each (9) . These fractions were analyzed by gas chromatography (GC) to determine whether the isolates could degrade compounds in either or both of these fractions. To verify these results, each culture was inoculated into four 158-ml serum bottles containing 10 ml of mineral medium and 10 ,ul of Prudhoe Bay crude oil supplemented with one of the following 14C-labeled compounds: [1-14C] hexadecane, [1-14C] pristane, [9-14C] To obtain metabolites from UTHT, each of the five bacterial isolates was inoculated in 200 ml of mineral medium containing 100 ,ul of UTHT. These cultures were incubated for 28 days and then extracted with CH2Cl2. Isolates C2 and C3 were inoculated into separate flasks containing mineral medium and 50 ,ul of the sulfide fraction of Bellshill Lake crude oil to determine whether the series of n-alkyl-monocyclic sulfides could be degraded by these isolates. After 28 days of incubation, the cultures were acidified and extracted, and residual oil was analyzed by GC. A sterile control containing the sulfide fraction was incubated, extracted, and analyzed in the same manner.
Fungal cultures. Four n-alkane-degrading fungal isolates, which have been previously shown to metabolize n-dodecylbenzene (13) , were tested for their ability to degrade DTHT. Each of the isolates of Paecilomyces, Beauveria, Penicillium, and Verticillium species was inoculated into 50 ml of basal marine medium (8) containing 50 ,ul of DTHT and 0.5 ml of N and P solution (9) . These cultures were incubated at 25°C without shaking for 28 days prior to acidification and extraction to recover residual DTHT and its metabolites.
Test substrates and metabolites. DTHT and UTHT were synthesized by employing well-established procedures. The anion resulting from the reaction of sulfolane and n-butyllithium was alkylated with 1-bromododecane and 1-bromoundecane, respectively, yielding the corresponding 2-alkyl sulfones (27) . The sulfones were reduced to their corresponding sulfides by treatment with diisobutyl aluminum hydride (14) . The sulfoxide of DTHT was prepared from DTHT by oxidation with sodium periodate (18). 2-Tetrahydrothiophenecarboxylic acid (THTC) was prepared by the sodium amalgam reduction of thiophenecarboxylic acid (6) . Sulfide fraction of Belishill Lake crude oil. Bellshill Lake petroleum was produced from the Mannville, a Lower Cretaceous formation, in eastern Alberta, Canada (location, 12-28-41-12 W 4; depth, 920 m).
(i) Precipitation of the asphaltene. Bellshill Lake petroleum was dissolved in an equal volume of CH2C12, and then a 30-fold volume of n-pentane was added slowly with stirring over a period of 1 h at room temperature. The mixture was allowed to stand overnight at 5°C, after which the precipitated asphaltene was collected by filtration, washed repeatedly with n-pentane, and dried. The yield of asphaltene was typically 6.5% (wt/wt). The filtrate, which contained the sulfides, was concentrated to yield the maltene fraction, 93.5% (wt/wt), of the petroleum.
(ii) Separation of sulfides from Bellshill Lake petroleum. The isolation of sulfides from Bellshill Lake petroleum was accomplished by a two-step oxidation-reduction procedure described previously (21) . Briefly, the sulfides in the petroleum were oxidized to the corresponding highly polar sulfoxides which were separated from the mixture by chromatography on silica gel. These crude sulfoxides were then reduced back to low-polarity sulfides and separated from the mixture by chromatography on silica gel. In the present experiments, the photooxidation method (21) of converting sulfides to sulfoxides was replaced with a procedure, which is described below, using tetrabutylammonium periodate as the oxidant.
Bellshill Lake maltene (8.1 g) was placed in a 200-ml flask equipped with a reflux condenser and a magnetic stirring bar. Tetrabutylammonium periodate (1.0 g) (22) was added, along with toluene (100 ml) and methanol (20 ml) . The mixture was refluxed for 30 min, after which it was cooled and transferred to a separatory funnel with 100 ml of pentane. The organic phase was extracted with water (once; 50 ml), 5% aqueous KOH (twice; 50 ml), 5% aqueous H2SO4 (twice; 50 ml), and water (once; 50 ml), after which the solvents were removed in vacuo. The subsequent steps involving the chromatographic isolation of the polar sulfoxide fraction, the reduction with LiAlH4-dioxane, and the chromatographic isolation of the sulfides were carried out as previously described (21) . The yield of the sulfides was 0.25 g (3.1% of the maltene).
(iii) Thiourea adduction of the sulfides. The n-alkyl-monocyclic sulfides were removed from the sulfide fraction by the following procedure. Thiourea was purified by repeated crystallization from methanol-toluene. To a 100-ml flask equipped with a reflux condenser and a magnetic stirring bar were added Bellshill Lake sulfides (98 mg), thiourea (2 g), methanol (15 ml), and chloroform (2 ml). The mixture was refluxed until a homogeneous solution resulted (ca. 15 min), after which chloroform (8 ml) was added. The mixture was cooled in ice and then allowed to stand at -10°C for 1 h. The crystals of thiourea were filtered and washed three times with small portions of cold chloroform. The filtrate was concentrated, additional thiourea (1 g) was added, and the adduction procedure was repeated four times. The combined thiourea adduct crystals were dissolved in water (50 ml) and extracted with pentane (50 ml). The pentane layer was extracted with water (twice; 50 ml), dried over Na2SO4, and concentrated to yield the thiourea adduct (25 mg) . The final filtrate was concentrated and partitioned between water and pentane, as described above, to yield the thiourea nonadduct (52 mg) which was free of n-alkyl-monocyclic sulfides.
Analytical methods. During early attempts to detect metabolites of DTHT, the bacterial cultures were acidified with 2 ml of 6 M HCI and extracted with one 15-ml and two 10-ml portions of CH2Cl2. However, because of the high water solubilities of the carboxylic acid metabolites, more-extensive extractions were needed to quantitatively recover the products of UTHT and DTHT metabolism. After suitable incubation, the bacterial cultures were first adjusted to pH > collect the acid metabolites. The fungal cultures were acidified with 2 ml of 6 M HCl and extracted with CH2Cl2 (15 times; 20 ml). Cultures grown on Bellshill Lake sulfides were acidified with 2 ml of 6 M HCI and extracted with one 15-ml and two 10-ml portions of CH2Cl2 to recover the residual oil. Culture extracts were routinely analyzed by GC using a DB-5 capillary column (30 m by 0.25 mm). The effluent was split between flame ionization and flame photometric (operated in the sulfur mode) detectors (10) . The saturated, aromatic, and Bellshill Lake sulfide fractions were analyzed with the following oven temperature program: 90°C for 4 min, 4°C/min to 250°C which was held for 16 min. For the analysis of DTHT and UTHT degradation products, the oven was held at 130°C for 4 min, then programmed at 4°C/min to 250°C and held for 32 min. The GC-MS method used has been described previously (13) .
The THT acid products of UTHT and DTHT metabolism were quantitated by GC using a flame ionization detector. DBT was added as an internal standard. THTC was the only reference compound available. The amounts of 2-tetrahydrothiopheneacetic acid (THTA) were determined by using calibration curves for THTC and by taking into account the total number of carbon atoms in each compound (25) . This approach was verified by using solutions of benzoic, phenylacetic, and cinnamic acids of known concentrations. When benzoic acid was considered the only available standard, the calculated concentrations of the other two acids were in excellent agreement with their known concentrations.
Methyl esters of the organic acid metabolites were prepared as outlined by Fedorak and Westlake (11) .
RESULTS AND DISCUSSION After several transfers of the three enrichment cultures in DTHT-containing medium, GC analysis showed that this substrate was being consumed. Dilutions were plated onto plate count agar, and on the basis of colonial morphology, a total of 16 bacterial isolates were obtained from the three DTHT enrichment cultures. Each isolate was screened for its ability to degrade DTHT. Most of them removed very little DTHT from the medium; however, 5 of the 16 removed virtually all of the DTHT, and these isolates were used for further studies. The designations and sources of each of the five isolates are given in Table 1 .
Each of the five bacterial isolates had a different colonial morphology when grown on plate count agar. They were all gram-positive, aerobic, nonsporulating, nonmotile rods which were catalase positive and oxidase negative. None would reduce nitrate to nitrite or denitrify. Acid was produced in oxidation-fermentation glucose by strains C1O and ClB. Isolate C3 produced only a small amount of acid in this medium, while strains ClY and C2 did not change the pH of the medium.
The GC analysis of the fractionated Prudhoe Bay oil showed that each of the five DTHT-degrading isolates removed all of the n-alkanes from the saturated fraction during the first 14 days of incubation. The chromatograms of the aromatic fraction gave no evidence that these five isolates could degrade any of the aromatic hydrocarbons, the alkylbenzothiophenes, DBT, or the alkyldibenzothiophenes present in this fraction (10) . Table 1 summarizes the recoveries of 14CO2 from various 14C-labeled substrates. Each of the five isolates mineralized hexadecane, and four isolates mineralized pristane. None produced 14CO2 from phenanthrene. These results are consistent with the GC analyses of the saturated and aromatic fractions of the residual Prudhoe Bay oil. The nitrogen heterocycle carbazole was also included in the mineralization experiment. None of the isolates produced 14CO2 from this substrate. These observations clearly show that the DTHT-degrading isolates specifically degraded the n-alkanes and isoprenoids in a crude oil but were unable to degrade aromatic compounds. Figure 1 shows the GC chromatogram obtained with a sulfur-specific detector used to analyze the extract from isolate ClB after 4 days of incubation. Peaks a, x, y, and z were minor contaminants in the DTHT preparation and were also found in the sterile controls. Peak a was likely an isomer of 2-n-dodecyldihydrothiophene. Peaks x, y, and z were not identified. Peaks A and D were not found in the sterile controls, whereas small amounts of peaks B and C were detected in the controls. 
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Compound A gave a broad GC peak, indicating that it was polar. GC-MS analysis gave a molecular ion of mlz = 146, suggesting that compound A was THTA (Fig. 2) . A base peak of mlz = 87 was observed and corresponded to the loss of -CH2COOH from THTA. The base peak of mlz = 87 is also characteristic of the dealkylated ring structure of DTHT and its homologs found in petroleum (Payzant, unpublished data) . The methyl ester of compound A was prepared, and GC analysis with a sulfur-specific detector showed that the derivative gave a sharp peak. The mass spectrum had a molecular ion of mlz = 160 and a base peak of mlz = 87.
The formation of THTA is likely the result of five betaoxidation steps removing 10 carbon atoms from DTHT. These results are analogous to the appearance of phenylacetic acid in fungal (13) and bacterial (4, 23) cultures growing on n-dodecylbenzene. No other carboxylic acids were found in the extracts of bacterial cultures grown on DTHT.
Compounds B and C gave virtually identical mass spectra with base peaks of mlz = 87 and predominant peaks of mlz = 255. The molecular ions were not detected. Several studies have shown that the sulfoxide of DBT is found in DBTdegrading cultures (16, 17) . Mass spectra of sulfoxides commonly show a predominant peak at (M -17)+. A molecular weight of 272 was consistent with the mass spectra of compounds B and C and suggested that they were isomers of the sulfoxide of DTHT. Synthesis of the DTHT sulfoxide gave a mixture of two isomers (Fig. 2) . The GC retention time of one isomer matched that of compound B, and the retention time of the other matched that of compound C. The isomer with the longer retention time was more abundant in the synthetic preparation and in the culture extract. This may have been the trans isomer, which would be thermodynamically more favorable. Although compounds B and C were detected in the sterile controls, they were more abundant in the bacterial cultures, suggesting that the oxidation of DTHT to its sulfoxides occurred more quickly in the presence of microorganisms.
During the chemical synthesis of DTHT, its sulfone was an intermediate which was removed from the DTHT preparation by silica gel chromatography. Compound D, from the cultures incubated with DTHT, had the same GC retention time as the DTHT sulfone (Fig. 2) , and the mass spectrum of compound D was identical to that of the DTHT sulfone. The formation of sulfones by microbial metabolism of DBT has not been reported. However, Vignier et al. (28) DBT sulfone as an oxidation product of DBT in rat liver microsomes. Each of the five bacterial isolates was able to degrade UTHT. GC analysis of the methylated-acid extract from culture C3 showed two major sulfur-containing compounds which eluted within 10 min after injection. The compound with the shorter retention time eluted at the same time as the methyl ester of authentic THTC. High-resolution MS analysis of this methylated product gave an empirical formula of C6H1002S, a base peak of mlz = 87, and a molecular ion of mlz = 146. These results were consistent with the metabolite being THTC (Fig. 3) . High-resolution MS results for the second compound gave an empirical formula of C7H1202S, suggesting that this compound was the methyl ester of 3-(2-tetrahydrothienyl)propanoic acid (THPA). The observed molecular ion of m/z = 174, a base peak of mlz = 87, and fragments at m/z = 143 (corresponding to the loss of -OCH3) and mlz = 101 (loss of -CH2CO2CH3) were consistent with the methyl ester of THPA (Fig. 3) .
The formations of THPA and THTC are likely the result of four and five beta-oxidation steps removing 8 and 10 carbon atoms, respectively, from UTHT. In the case of UTHT metabolism, the major product has a carboxyl group attached to the tetrahydrothiophene ring, in contrast to the DTHT metabolite, which has an acetate group.
GC-MS analysis of the extract of isolate C1O grown on UTHT for 7 days also showed the presence of small amounts of the sulfone and sulfoxide of UTHT.
Extracts from 28-day-old bacterial cultures were analyzed to determine whether the metabolism of DTHT and UTHT consisted solely of the removal of the alkyl side chain. The residual compounds from DTHT and UTHT containing the THT ring were quantitated to determine whether these accumulated in stoichiometric amounts (Tables 2 and 3 , respectively). Some n-alkyl THT remained in each of the cultures at the end of the 28-day incubation period. However, in each case, <35% of the substrate remained. Trace amounts of the corresponding sulfones and sulfoxides were detected in some of the cultures, but these were not quantitated.
On a molar basis, only 27 to 42% of the DTHT was recovered as THT-containing compounds (Table 2) . THTA was the major metabolite detected. Only 9 to 52% of the UTHT was recovered as THT-containing compounds (Table  3) . In these cultures, THTC was the major metabolite, but a small amount of THPA was found in the culture containing isolate C3. These quantitative results suggest that the ring is susceptible to further transformations yielding undetected products.
Each of the four n-alkane-degrading fungi metabolized DTHT. Table 4 summarizes the products found after 28 days of incubation with this substrate. Unlike the products of bacterial cultures, the fungal products of DTHT oxidation were a mixture of odd-and even-chain-length tetrahydrothiophenecarboxylic acids, suggesting that both alpha and beta oxidations occurred. This result was similar to those obtained in a previous study in which these fungi produced benzoic, phenylacetic, and phenylpropionic acids from dodecylbenzene (13) .
As was observed with the bacterial isolates, the molar recoveries of the THT-containing compounds from the fungal cultures were also much less than 100% (Table 4) , again suggesting that the five-membered ring had undergone further transformations giving undetected products.
The sulfide fraction composed 2.9% of the weight of Bellshill Lake crude oil. This fraction was supplied as the sole carbon and energy source to isolate C3. Figure 4 compares the GC analysis of the sulfide fraction as it was obtained from the crude oil (Fig. 4A) and that of the residual material in the 14-day culture (Fig. 4B) . The GC profile of the sulfide fraction from the sterile control incubated for 14 days was virtually the same as that shown in Fig. 4A . The majority of the compounds which were resolved by the GC method were n-alkyl-monocyclic sulfides (Payzant, unpublished data) (Fig. 5) . Clearly, isolate C3 degraded a wide range of these n-alkyl-monocyclic sulfides, leaving a residual material which contained unresolvable sulfides. Isolate C2 also removed most of the major peaks from the sulfide fraction, giving a chromatogram similar to the one shown in Fig. 4B . The n-alkyl-monocyclic sulfides were removed from this sulfide fraction by thiourea adduction, and the GC analysis of the resulting nonadduct sulfides is shown in Fig. 4C . This profile of the nonadduct sulfides is typical of the sulfide fractions of petroleum which have undergone biodegradation in the reservoir (21) . The similarities between the GC analysis of the residual sulfide fraction from the 14-day-old culture of isolate C3 (Fig. 4) and that of the nonadduct sulfides support the hypothesis that microbial activity could lead to the removal of the n-alkyl-monocyclic sulfides in petroleums in the reservoir.
Studies with the pure compounds DTHT and UTHT have shown that the predominant intermediates or products are carboxylic acids of THT. These acids are very water soluble and could easily be removed from petroleum reservoirs by water washing (26) . These results explain the absence of the n-alkyl-monocyclic sulfides in biodegraded petroleums. Also, it appears that the tetrahydrothiophenecarboxylic ac- 
